Xerosicyos danguyi H. Humb. (Cucurbitaceae) is a Crassulacean acid metabolism (CAM) species native to Madagascar. Previously, it was shown that when grown under good water conditions, it is a typical CAM plant, but when water stressed, it shifts to a dampened form of CAM, termed CAM-idling, in which stomata are closed day and night but with a continued, low diurnal organic acid fluctuation. We have now studied the kinetics of some metabolic features of the shift from CAM to CAM-idling under severe water stress and the recovery upon rewatering. When water is withheld, there is a steady decrease in relative water content (RWC), reaching about 50%, at which point the water potential decreases precipitously from about -2 or -3 bars to -12 bars.
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The ecological consequence of CAM is that the stomata are closed during the day when the evaporative demand is greatest, bringing about great water conservation (Kluge and Ting, 1978) .
It is common for many succulent and succulent-like plants to be C3 when young and shift to CAM when older (Ting, 1985) . Plants may shift from C3 to CAM in response to environmental signals such as water stress (Guralnick and Ting, 1987; Groenhof et al., 1988) , salt stress (Winter, 1973) , or photoperiod (Brulfert et al., 1985) . In other plants there is a normal developmental shift from CJ to CAM (Holthe et al., 1992) . Many CAM plants when severely water stressed shift from CAM to a metabolic state termed CAM-idling, in which stomata are closed day and night and yet there is a continued, but low, diurnal fluctuation of organic acids evidently synthesized by refixation of respiratory C 0 2 (Patel and Ting, 1987) . With Xerosicyos danguyi H. Humb., a CAM plant native to Madagascar, we have previously shown that when severely water stressed, it shifts from CAM to CAM-idling in a very predictable manner Ting, 1983b, 1983~) .
In this paper, we examine some of the physiologic, metabolic, and molecular events with particular reference to PEPc that occur during the transition from CAM to CAM-idling in response to severe water stress.
MATERIALS AND METHODS

Plant Material
Plant material was originally collected from the University of California, Berkeley, Botanic Gardens and propagated from cuttings in greenhouses at Riverside. Our clone is male. Plants were grown in 6-inch pots in a glasshouse with an average PAR of 500 pmol m-2 s-I throughout the year. Plants were watered regularly with dilute Hoagland solution except during water-stress experiments.
Water-Stress Experiments
Two types of water-stress experiments were conducted. In the first, water was withheld from plants for a period of 28 d, at which time the pots were rewatered. In the second experiment, water was withheld for 55 d, after which time the pots were rewatered. The first, shorter experiment was used to maximize complete recovery after rewatering. The Abbreviations: PEP, phosphoenolpyruvate; PEPc, phosphoenolpyruvate carboxylase; RWC, relative water content; WP, water potential. 1089 longer stress experiment was conducted to ascertain any changes during a more extensive drought period.
RWC and WP
RWC was estirnated using the following formula: [(FW -DW)/(SW -DW:)] where FW is the fresh weight, DW is the dry weight, and !3W is the saturated weight of tissue equilibrated with 100% RH. WP was determined from cut branches with leaves attached using a pressure bomb in the usual manner (Plant Water Status Console, Soil Moisture Co., Santa Barbara, CA) as previously used (Guralnick and Ting, 1987) .
ABA Assay
to methods outlined in Bray and Beachy (1985) .
ABA was determined with a radioimmune assay according
Cas Exchange
Gas exchange was estimated using a portable gas-exchange system (Li-Cor, Inc. model 6000, Lincoln, NE) as previously described .
Titratable Acidity
Titratable acidity was determined in triplicate from 1-cm2 leaf sections by grinding in distilled water and titrating to a pH 7.0 end point with 0.01 N KOH as previously described .
Protein and Chl
Soluble protein was estimated spectrophotometrically according to Bradford (1976), and Chl was assayed spectrophotometrically according to Amon (1949).
PEPc Assays
PEPc activity was determined spectrophotometrically as previously described (Sipes and Ting, 1989) . Leaf samples for assay were collected at the same time in the aftemoon. PEPc protein was determined by westem blot analysis (Pratt et al., 1986) using antibodies prepared against Xerosicyos. PEPc mRNA was determined by northem blot analysis according to previously used procedures (Lehrach et al., 1977; Pautot et al., 1991) using a cDNA probe prepared from Peperomia scandens (Patel, 1992) . Blots were quantitated with an LKB densitometer.
Rubisco Assay
Rubisco was assayed using NaH14C03 according to Lorimer et al. (1977) as previously described (Guralnick and Ting, 1987) .
RESULTS
When water was withheld from plants after a short lag period, there was a steady decrease in RWC from about 92% to about 50% (Fig. 1) . Upon rewatering, the tissue returned to the control levtel within 1 week. The tissue WP remained essentially constant until the RWC reached about 55% (after about 2 weeks of stress), at which time the WP dropped rapidly to about -12 bars (Fig. 2) . The linear rate of chmge of WP with respect to RWC (dWP/dRWC) over the RWC range of 95 to 55% was 0.024 bars per %RWC. After this point, the linear rate of change below 55% RWC was 0.19 bars per %RWC. Thus, WP of the tissue was not significantly affected until nearly 50% decrease in RWC was reached.
After about 1 week of water stress, there was a draniatic increase in tissue ABA content, which remained high dLiring the stress period (Fig. 3) . Upon rewatering, ABA retumed to the well-watered control level. The beginning of the .4BA response corresponded to a RWC of about 75%, at which point the WP was still in the -2 to -3 bar range of the control (Fig. 2) . Judging from Figure 1 , the dramatic increase in ABA seems to correspond to a period of rapid decrease in RWC.
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Despite the marked change in RWC, there was esseniially no change in Chl content even after 55 d of water stress to a RWC of 50% and WP of -12 bars (Fig. 4) . Soluble protein appeared to decrease; however, there were no statistical differences in protein content over the 55-d experiment (Fig.  4) . Extractable Rubisco activity remained essentially constant during the stress period (Fig. 4) . Thus, it appears that the tissue maintains integrity despite the apparent severe stress as judged by RWC and WP.
The diurna1 fluctuation in titratable acidity appeared not to change for about 1 week, after which it decreased steadily, suggesting stomatal closure and consequent limitation of COz (Fig. 5) . After rewatering, the control level of organic acid fluctuation retumed slowly and reached a maximum within about 10 d. The maximum morning titratable acidity decreased with the decrease in RWC, reaching a minimum at about the point when WP begins to fall precipitously ( Fig. 5) . At the end of the water-stress experiment, there was e, csentially no exogenous COz exchange, which is probably at least in part the result of complete stomatal closure (Fig. 6 ).
After about 10 to 14 d of stress, corresponding to the period when RWC is about 70%, the extractable activity of PEPc increased relative to the control assays (Fig. 7) . This relative increase seems to occur at the approximate time that the diurna1 fluctuation of acidity began to drop (Fig. 5 ) and perhaps after ABA had increased (Fig. 3) . Also shown in Figure 7 is the relative increase in PEPc activity that occurred over the shorter stress period of 28 d and the return to the control leve1 upon rewatering. In general, however, there is a trend toward an increase in PEPc activity as RWC decreases (Fig. B) , and, as shown in Figure 8 , as the maximum earlymorning accumulation of titratable acidity decreases, the extractable activity of PEPc also tends to increase. Accompanying the increase in extractable activity of PEPc is an apparent decrease in the Km(PEP) that remains for the extended water-stress period (Fig. 9 ). Upon rewatering, both the maximum activity and the Km(PEP) retum to control levels within 1 week (Figs. 7 and 9) . The decrease in apparent K,(PEP) follows the decrease in morning titratable acidity (Figs. 5 and 9), reaching a minimum at about 50% of the maximum accumulation of acidity. There also appears to be a negative correlation between Km(PEP) and RWC ( calculated a PEPc activity of 2.6 pmol min-' cm-' at 95% RWC and 4.4 pmol min-' cm-' at 55% RWC. This predicts a specific activity difference of about 10% between the stressed and control plants (Fig. 10) . Although there is some scatter in the data, based on this calculation there is no change in the specific activity. Northern blot analyses conducted after 4 weeks of stress indicated an increased accumulation of PEPc mRNA (Fig.   lO) , suggesting that at least in part the increase in PEPc activity may be the result of some de novo synthesis.
DISCUSSION
When well watered the succulent cucurbit X. danguyi is a typical CAM plant showing a11 the usual attributes of noc- (Rayder, 1983b . When plants experience drought, they shift to CAM-idling, in which there is a1 cessation of exogenous gas exchange but a continued, dampened organic acid fluctuation as the result of refixation of respiratory COz through the CAM pathway. Once rewaterecl, the rapid return to typical CAM is probably related to the high degree of maintenance of metabolism during the drought period (Rayder and Ting, 1983a) .
In general, succulent plants with CAM show a remar kable tolerance to severe water stress. Many species such as cacti can be maintained in pots for extended periods and even though they may show apparent symptoms of water cleprivation, recovery after rewatering is rapid and complete (Szarek et al., 1973; Rayder and Ting, 1983a; Guralnick and Ting, 1987) . After being subjected to drought, stomata close and there is a cessation of exogenous gas exchange, i.e. water loss and COn uptake. Plants seal very tightly, which limits water loss. In the experiments reported here, X . danguyi shaws a remarkable capacity to withstand severe water stress. The tissue responds to water stress with a decrease in RWC and an accumulation of high levels of ABA as compared with well-watered controls. Stomata evidently close, limiting COz uptake, and there is a corresponding decrease in the Inaxi-
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In these experiments, when water was withheld from Xerosicyos the RWC of the tissue continued to decrease with little or no change in the WP until a RWC of about 55% was reached. At this point, the WP dropped rapidly from about -2 to -3 bars to -12 bars. This water-buffering capacity in succulents is a well-known phenomenon and results in great survival under severe drought (Szarek et al., 1973; Nobel, Despite the limitations to CO, uptake, there was still a continued but low diurna1 fluctuation of organic acids. This condition, first called CAM-idling (Szarek et al., 1973) , results from the recycling of respiratory C 0 2 through the CAM pathway (Patel and Ting, 1987) and is believed to keep the plants in an active metabolic condition such that recovery upon rewatering is rapid and complete Ting, 1983b, 1983~) . In addition, it has been hypothesized that the recycling of C 0 2 protects plants from photooxidation, since in the light there will be a terminal electron acceptor (i.e. CO2) during photosynthesis that is necessary to keep PSII pigments from bleaching (Osmond, 1982) . Thus, CAM-idling is an adaptation of CAM succulents, which results in great drought tolerance. Plants do not grow, but their metabolic capacity is maintained, resulting in rapid recovery once water is available. 1988; Von Willert et al., 1992) . The main metabolic changes that occur duririg the stress period happen during the decrease in RWC 2nd prior to significant changes in WP.
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One response to water stress in Xerosicyos is a dramatic increase in endogenous levels of ABA, which was expected, since it is well known that water-stressed plants have a greater accumulation of ABA (Davies et al., 1980; Walton, 1987) . Because ABA plays a role in stomatal closure (Raschke, 1987) , the water stress-induced ABA increase may be related to the observed stomatal closure, limiting organic acid biosynthesis. It is well known that stomata of CAM plants are sensitive to ABA (Ting, 1987) . With respect to CAM and CAM-idling, the change in the kinetic parameters of PEPc seem to be very important. Because this enzyme is the main carboxylating enzyme resulting in the synthesis of malic acid that accumulates in the vacuole, it is directly related to the titratable acidity that is an index of CAM (Kluge and Ting, 1978) . It is, of course, quite uncertain as to how water stress brings about the increase in extractable activity of PEPc; however, the increased activity is apparently the result of the increased accumulation of PEPc protein, siince the specific activity seems to remain constant. It is well known, however, that this enzyme with a molecular size of about 380 kD is highly regulated. Diumally in CAM plants, the enzyme is more active at night, with a higher V,,, and lower K,(PEP) (Kruger and Kluge, 1987) . At night, PEPc is more sensitive to the activator Glc-6-P and less sensitive to the inhibitor malate (see also Winter, 1980) . Not only is it active when it is a tetramer and inactive when it is a dimer (Wu and Wedding, 1985) , but the active form is phosphorylated by a specific kinase (Jiao and Chollet, 1991) .
In our experiments reported here, the enzyme when extracted from water-stressed plants is more active, as evidenced by the higher V,,, and lower K,(PEP). We do not fully understand from our experiments the exact nature of this activation but it could be because of a greater amount of tetrameric form present or a greater extent of phosphorylation. However, our unpublished analyses of Xerosicyos PEPc using size excluaion HPLC indicate that the protein is always extracted as an active tetramer, providing that the pH of the extraction buffer is in the range of 6 to 7.5 and that no malate (5 m or more) is present. Thus, it appears that even under well-watered conditions the protein is a tetramer. It is possible that the higher V,,, and lower K,(PEP) are in response to the decrease in tissue malate concentrations that result iinder water stress, since it is well known that in in vitro assays malate decreases the V,,, and increases the K,(PEP) (Kluge and Ting, 1978) . However, we do not think that these observations are affected by an assay artifact, since desalting and dilution of the assay preparations in our experiments would reduce malate to levels far below the millimolar concentrations necessary to alter kinetic parameters (Sipes and Ting, 1989) . Other possible effectors (Bandarian et al., 1992) would also be in low concentration. Nevertheless, organic acid:; such as malate could play an endogenous role in the regulation of PEPc, since it is clear from the data that there is an inverse linear correlation between endogenous organic acids and PEPc activity and an exponential correlation between acids and apparent K,(PEP). Activity appears to be at a maximum and the K,(PEP) appears to be at a minimum when acidity is lowest.
In addition to the decrease in K,(PEP), the increase ir1 V,,,, and the increase in PEPc protein, there is an increase in the accumulation of PEPc mRNA in response to the water-stress treatment. In the stress-induced shift of succulent plants from C3 to CAM, PEPc increases because of de novo synthesis (Schmitt et al., 1988) . Thus, it is not completely surprising that PEPc protein and PEPc mRNA increase in response to water stress except that the plants were already CANL The increase in PEPc in response to water stress could be a gi2neral phenomenon. We do not know if in our experiments the changes in kinetic properties of PEPc (i.e. V,,, and K,(PEP]) and the increased accumulation of PEPc protein and PEPc mRNA are separate or related events mechanistically.
There is evidence in the literature that ABA may directly bring about the expression of PEPc in CAM plants (Chu et al., 1990) . We previously showed that, similar to water :stress, ABA treatment resulted in a shift from CB to CAM in Portulacaria afra and PEPc activity increased with ABA treatment (Ting, 1981) . Sequence analysis data of a CAM PEPc gme in Mesembryanthemum indicated that the 5' flanking region contains ABA-response elements similar to ABA serisitive genes (Cushman et al., 1991) . Thus, it is possible that the ABA produced in response to water stress stimulates the production of PEPc mRNA and protein in the experiments reported here.
The reduced levels of endogenous organic acids coiild be related to the increase in accumulation of PEPc protein and PEPc mRNA in a regulatory manner. When acids are low, a compensatory mechanism may result in an increased synthesis of PEPc. However, the only evidence for this hypclthesis is the good correlation between PEPc changes and organic acid levels. Even though ACC and ethylene increase in Xerosicyos in response to water stress (Rayder and Ting, 1983b ), we do not believe that ethylene is related to any of the changes in CAM. Treatment of C3 P. afra with ethylene does not result in any changes in PEPc or a shift to CAM (A.J. Huerta and I.P. Ting, unpublished data) .
The reduced endogenous levels of C 0 2 resulting from the water stress-induced stomatal closure do not appear to play a role in PEPc induction. P. afra grown under 40 a n d 950 p p m C 0 2 did not s h o w a n y differences in PEPc activity when compared with controls grown under ambient levels of 330 p p m (Huerta a n d Ting, 1988) . The only obvious response to the low-C02 treatment was a reduction in the levels of organic acids, evidently because of reduced COn fixation (Huerta a n d Ting, 1988) . Similarly, Winter (1979) was not able to demonstrate a n induction of PEPc in M. crystallinum w h e n treated with high or low C02 concentrations. In summary, our data indicate that water stress in X . danguyi results in a reduction in RWC, an increase in endogenous ABA levels, a n d apparent stomatal closure. Accompanying these responses is a cessation of water loss a n d reduction of C 0 2 uptake limiting the synthesis of organic acids. In correlation, there is a n increase in PEPc activity, a decrease in PEPc K,(PEP), a n d a n increase in PEPc protein a n d PEPc mRNA accumulation. The specific activity of PEPc probably remains constant, a n d t h e increase in activity is most likely the result of increased PEPc protein. Although the exact nature of the regulation of these events is uncertain, the response may b e a result of t h e high ABA levels or related to the reduced organic acid metabolism.
